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Background: Toll-like receptor 4 (TLR4) mediates BAMBI down-regulation, which activates hepatic stellate cells (HSCs).
Results: LPS and TNF-� induced binding of NF-�Bp50 to HDAC1, which suppressed BAMBI promoter activity and mRNA
expression in HSCs.
Conclusion: TLR4-mediated HSC activation is regulated by promoter regulation of BAMBI.
Significance: Studying the regulation of BAMBI expression by TLR4 is important for understanding liver fibrosis.

TLR4 signaling induces down-regulation of the bone mor-
phogenic protein (BMP) and activin membrane-bound inhibi-
tor (BAMBI), which enhances TGF-� signaling during hepatic
stellate cell (HSC) activation. We investigated the mechanism
by which TLR4 signaling down-regulates BAMBI expression in
HSCs and found that TLR4- and TNF-�-mediated BAMBI
down-regulation is dependent on regulation of BAMBI pro-
moter activity through the interaction with NF-�Bp50 and
HDAC1 in HSCs. Bambi was predominantly expressed in HSCs,
at high levels in quiescent HSCs but at low levels in in vivo-
activated and LPS-stimulated HSCs. In human HSCs, BAMBI
expression was down-regulated in response to LPS and TNF-�.
A BAMBI reporter assay demonstrated that the regulatory
element to repress BAMBI transcription is located between
3384 and 1560 bp upstream from the transcription start site.
LPS stimulation down-regulated BAMBI expression in cells
with NF-�Bp65 knockdown. However, it failed to down-reg-
ulate BAMBI in cells with inactivation of NF-�B or NF-�Bp50
silencing, indicating that NF-�Bp50 is a factor for BAMBI
down-regulation. ChIP analysis revealed that LPS and TNF-�
induced binding of the NF-�Bp50/p50 homodimer to the
BAMBI promoter region. We also found that HDAC1 is bound
to this region as part of the NF-�Bp50-HDAC1 complex,
repressing transcriptional activity of the BAMBI promoter.
Finally, we confirmed that LPS does not repress BAMBI
reporter activity using a BAMBI reporter construct with a muta-

tion at 3166 bp upstream of the coding region. In summary,
our study demonstrates that LPS- and TNF-�-induced
NF-�Bp50-HDAC1 interaction represses BAMBI transcrip-
tional activity, which contributes to TLR4-mediated
enhancement of TGF-� signaling in HSCs during liver
fibrosis.

Liver fibrosis and its end stage, cirrhosis, are major public
health problems worldwide. Cirrhosis causes life-threatening
complications such as portal hypertension and liver failure and
increases the risk of hepatocellular carcinoma (1–3). Cirrhosis
resulting from chronic liver inflammation, and fibrosis is char-
acterized by the deposition of excessive extracellular matrix
proteins, including collagen fibers and regenerative nodules (4).
In the past decade, notable advances have been made toward a
deeper understanding of the molecular pathogenesis of liver
fibrosis, moving closer to the treatment of liver fibrosis. Activa-
tion of hepatic stellate cells (HSCs)2 is a crucial step in the
development of liver fibrosis. Therefore, the HSC is an attrac-
tive target for the development of new antifibrotic drugs (5).

We have reported previously that TLR4 enhances TGF-�
signaling in HSCs, HSC activation, and hepatic fibrosis (6).
TLR4-mutant mice had a significant reduction in liver fibrosis
upon bile duct ligation and chronic carbon tetrachloride treat-
ment compared with their respective wild-type controls. We
showed that HSCs express high levels of TLR4 in the quiescent
and activated states and that LPS, a TLR4 ligand, directly acti-
vates TLR4-dependent signaling pathways. LPS stimulation
alone was insufficient to activate HSCs, but pretreatment with
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LPS enhanced the response of HSCs to profibrogenic cytokine
TGF-�. We identified that the TGF-� pseudoreceptor, BAMBI, is
the only TGF-�-related gene changed among 121 LPS-regulated
genes in HSCs by gene profiling analysis. TGF-� is the best char-
acterized fibrogenic mediator, and BAMBI is a functional inhibitor
for the TGF-� receptor. The loss of BAMBI expression could
amplify fibrogenic signaling. Thus, BAMBI plays a role in liver
inflammation and fibrogenesis (7, 8). However, the mechanism by
which BAMBI is down-regulated in HSCs is unclear.

This study demonstrates that BAMBI mRNA decreases in
response to LPS and TNF-� in the human HSC cell line and pri-
mary HSCs. We found that the LPS and TNF-�-induced
NF-�Bp50 homodimer, in association with HDAC1, contrib-
utes to transcriptional repression of BAMBI expression in
HSCs.

EXPERIMENTAL PROCEDURES

Cell Culture—The human HSC cell line LX-2 was provided
by Dr. Scott Friedman (Mount Sinai Medical School, New York,
NY) and cultured in DMEM with 2% FBS and 1% penicillin-
streptomycin antibiotics.

Primary human HSCs (hHSCs) were isolated from wedge
sections of normal human liver tissue unsuitable for transplan-
tation by collagenase-Pronase digestion and centrifugation on
Nicodenz gradients. The procedures used for cell isolation and
characterization have been described extensively elsewhere (9).
hHSCs were cultured in DMEM supplemented with 10% FBS,
subcultured when confluent at a 1:3 split ratio, and used
between passages 4 and 7. The procedures involving human
materials were approved by the Investigational Review Board of
the University of California San Diego.

Reagents—LPS (Sigma; Escherichia coli serotype 055:B5),
recombinant human TNF-� (R&D Systems), and trichostatin A
(TSA) (catalog no. T8552, Sigma) were used in this study. The
antibodies used for the ChIP assay, Western blot analysis, and
coimmunoprecipitation are p50 (catalog no. sc-8414x),
HDAC1 (catalog no. sc-7872x), BAMBI (catalog no.
sc-100681), and P-Smad2/3 (catalog no. sc-11769), all pur-
chased from Santa Cruz Biotechnology, Inc. siRNA p50 (cata-
log no. sc-29407), siRNA HDAC1 (catalog no. sc-29343),
siRNA p65, siRNA BAMBI (catalog no. sc-60243), and control
siRNA (catalog no. sc-36869) were also purchased from Santa
Cruz Biotechnology, Inc. Lipofectamine 2000 transfection
regent was purchased from Invitrogen. The Dual-Luciferase
reporter assay system (catalog no. E1910) was purchased from
Promega.

Generation of the Human BAMBI Reporter Construct and
Luciferase Reporter Assays—The BAMBI reporter constructs
�3384/�82-luc, �1560/�82-luc, �1016/�82-luc, �586/�82-
luc, �255/�82-luc, and �176/�82-luc were provided by Dr.
Akiyama (Tokyo University, Tokyo, Japan) (10). The mutation was
introduced to the �B binding site of the BAMBI promoter.
GGG in the BAMBI promoter were converted to CTC using
the QuikChange site-directed mutagenesis kit (Agilent). The
adenovirus NF-�B supersuppressor expression construct
has been described previously (6).

BAMBI Reporter Analysis—For luciferase assays, the human
HSC cell line LX-2 was transfected with the BAMBI reporter-

driven firefly luciferase plasmid and control reporter-driven
Renilla luciferase by Lipofectamine 2000. LX2 cells were plated
on 24-well plates 18 h prior to transfection. Transfection was
performed with Lipofectamine 2000 according to the protocol
of the manufacturer. Six hours after transfection of reporter
plasmids, LX-2 cells were stimulated with or without LPS (100
ng/ml) and TNF-� (10 ng/ml) for 18 h. The cells were washed
twice in PBS and then lysed in passive lysis buffer for 15 min at
4 °C with gentle shaking. A luciferase assay was performed
using the Dual-Luciferase reporter assay system following the
protocol of the manufacturer and measured in a microplate
luminometer (Veritas, Turner Biosystems). Firefly luciferase
activity was normalized to Renilla luciferase activity.

Bioinformatics Approaches—The BAMBI promoter sequences
were obtained from Ensembl. We used rVista2.0. to analyze the
BAMBI promoter sequence for their predicted transcription fac-
tor binding sites.

siRNA Transfection—siRNA transfection was done accord-
ing to the protocol of the manufacturer. The control (scram-
bled) siRNA and NF-�Bp50 siRNA, p65 siRNA, HDAC1
siRNA, and BAMBI siRNA were mixed with Lipofectamine
2000 at a final concentration of 80 pmol/liter in medium.
mRNA and protein expression was determined by real-time
PCR and Western blot analysis using a specific antibody to p50,
p65, HDAC1, and BAMBI to confirm the significant reduction
of p50, p65, HDAC1, and BAMBI 72 h after transfection.

Real-time PCR Analysis—Total RNA was extracted from
LX2 and primary hHSCs using TRIzol reagent (Invitrogen).
cDNA was synthesized using a high-capacity cDNA reverse
transcription kit (Applied Biosystems). PCR amplification was
conducted in 10 �l of solution containing 3 �l of cDNA, 5 �l of
SYBR mixture, 1.6 �l of H2O, and 0.4 �l of primer (10 �M). The
primers used were as follows: hBAMBI, 5�-GGCAGCATCA-
CAGTAGCATC-3� (forward) and 5�-GATCGCCACTCCAG-
CTACAT-3� (reverse); 18 S rRNA, 5�-AGTCCCTGCCCTTT-
GTACAC-3� (forward) and 5�-CGATCCGAGGGCCTCA-
CTA-3� (reverse). Amplification steps consisted of 40 cycles of
denaturation at 94 °C for 40 s, annealing at 55 °C for 40 s, and
extension at 72 °C for 40 s using a DNA cycler (Bio Rad) CFX96
real-time system.

Western Blot Analysis—Cell samples were collected in ice-
cold radioimmune precipitation assay buffer. Samples were
centrifuged for 10 min at 10,000 rpm. The supernatant was
collected, and the protein concentration was measured using a
BCA commercial kit (Thermo). Protein lysates were separated
by SDS-PAGE and subsequently transferred onto nitrocellulose
membranes. Membranes (GE Healthcare Life Science) were
blocked with 5% nonfat dry milk buffer and incubated with
antibodies against human pSmad2/3. Secondary antibody was
used for chemiluminescent detection. The loading accuracy
was evaluated by monoclonal antibodies against �-actin.

ChIP Assay—Cross-linking was performed by adding 1%
formaldehyde directly into plates of cultured cells, followed by
incubation at 37 °C for 10 min. Cells were washed twice with
ice-cold PBS, collected, and pelleted by centrifugation at 2000
rpm for 5 min. The pellets were resuspended in sonication
buffer (50 mM Tris-HCl (pH 8.1), 10 mM EDTA, 1% SDS, and
protease inhibitors) and incubated on ice for 10 min to lyse the
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nuclei. Then they were further sonicated to obtain 200- to
500-bp fragments of chromatin. Immunoprecipitation was car-
ried out according to the protocol provided by Upstate Biotech-
nology. Briefly, chromatin was diluted 10-fold in ChIP dilution
buffer. A small amount of chromatin was kept aside at this step
to be used as an input control in subsequent PCR reactions.
Antibodies p50 (catalog no. sc-8414x) and HDAC1 (catalog no.
sc-7872x) were incubated with diluted chromatin at 4 °C over-
night. Immunoprecipitation was also carried out with normal
IgG Ab. Protein A-Sepharose (Amersham Biosciences) blocked
with sheared salmon sperm DNA was used to collect Ab-chro-
matin complexes. Immune complexes were then washed once
with low-salt immune complex wash buffer (0.1% SDS, 1% Tri-
ton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), and 150 mM

NaCl), once with high-salt immune complex wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8),
and 150 mM NaCl), once with LiCl immune complex wash
buffer (0.25 M LiCl, 1% deoxycholic acid, 1 mM EDTA, and 10
mM Tris-HCl (pH 8.1)), and twice with sterile Tris-EDTA
buffer. The chromatin was eluted with freshly prepared elution
buffer (1% SDS and 0.1 M NaHCO3), followed by reverse cross-
linking with 0.3 M NaCl at 65 °C overnight. DNA was then recov-
ered by phenol chloroform extraction and ethanol precipitation,
followed by PCR amplification. The PCR conditions used were
initial denaturation at 95 °C for 5 min, followed by 40 cycles of
95 °C (30 s), 58 °C (30 s), and 72 °C (30 s). The primers used to
amplify the BAMBI promoter for the �3166 �B binding site were
5�-gtttctttgggttgcaagga-3� and 5�-cacctgtctgcagaggaaga-3�.

Coimmunoprecipitation—For immunoprecipitation of p50
and HDAC1, LX2 cells were grown in 15-cm dishes to 85%
confluence. The cells were washed twice in ice-cold PBS and
collected. The samples were suspended in lysis buffer (50 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 0.5% Nonidet
P-40, 1 mM EDTA, and protease inhibitors). Then the samples
were shaken for 40 min at 4 °C to lyse the protein completely.
After lysis, the samples were centrifuged at 4 °C and 14,000 rpm
for 10 min. The extracts were precleared with a 50% Sepharose
A slurry (Millipore) and then incubated overnight at 4 °C with 2
�g of either the p50 polyclonal antibody (catalog no. sc-8414x,
Santa Cruz Biotechnology, Inc.) or HDAC1 (catalog no.
sc-7872x, Santa Cruz Biotechnology, Inc.) antibody. Antibody-
protein complexes were collected with the 50% Sepharose A
slurry, washed, and then boiled in sample buffer to remove the
antibody-protein complex from the protein A slurry. Samples
were then subjected to SDS-PAGE and immunoblotted.

Statistical Analysis—Differences between two groups were
compared using Mann-Whitney U test or two-tailed unpaired
Student’s t test. Differences between multiple groups were com-
pared using one-way analysis of variance using SPSS software
(SPSS Inc., Chicago, IL). p �0.05 was considered significant.

RESULTS

BAMBI mRNA Decreases in Response to LPS or TNF-a Stim-
ulation in HSCs—We initially investigated the responsible cell
types expressing Bambi in mouse liver. As shown in Fig. 1A,
Bambi mRNA was expressed at higher levels in HSCs than in
Kupffer cells and hepatocytes. Among different activation
states of HSCs, Bambi mRNA decreased to a low level in in

FIGURE 1. BAMBI regulation by TLR4 signaling. A, Bambi mRNA expression in
primary mouse HSCs, Kupffer cells (KC), and hepatocytes was determined by RT-
PCR. B, Bambi mRNA levels in quiescent and 5-day culture-activated HSCs, HSCs iso-
lated from bile duct ligation (BDL) and CCl4-treated mice, and quiescent HSCs stimu-
lated with LPS (100 ng/ml) for 4 h were determined by qPCR. C and D, BAMBI mRNA
levels in LX2 cells (C) and hHSCs (D) 4 h after LPS (100 ng/ml) or TNF-� (10 ng/ml)
stimulation were determined by qPCR. Un, untreated. Data represent mean �
S.D. *, p � 0.05; **, p � 0.01.
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vivo-activated HSCs isolated from mice after bile duct ligation
and chronic CCl4 treatment and in LPS-treated quiescent HSCs
but not in culture-activated HSCs (Fig. 1B), suggesting that
TLR4-mediated Bambi down-regulation is crucial for HSC
activation in vivo.

Next, we investigated whether BAMBI mRNA expression
can be down-regulated in a human HSC cell line and in primary
human HSCs in response to LPS or TNF-�. BAMBI mRNA was
down-regulated 0.4- to 0.5-fold in LX2 cells in response to LPS
and TNF-� compared with untreated cells (Fig. 1C). More dra-
matically, BAMBI mRNA decreased 0.21-fold in hHSCs in
response to LPS compared with untreated hHSCs (Fig. 1D).

Regulatory Elements for Repression of BAMBI Promoter
Activity after LPS and TNF-� Stimulation in HSCs—Quiescent
HSCs express BAMBI at high levels, and LPS stimulation down-
regulates BAMBI mRNA expression. To characterize the cru-
cial elements for repression in the BAMBI promoter region
after LPS and TNF-� stimulation, LX2 cells were transfected
with hBAMBI promoter-luciferase reporter plasmids contain-
ing the hBAMBI transcriptional start site, the complete 82-bp
untranslated region, and the 3384 region upstream of the cod-
ing region. The promoter activity analysis showed that the
relative luciferase activity in the �3384 � 82-luc construct
decreased significantly (p � 0.001) with LPS or TNF-� treat-
ment (Fig. 2, A and B). In contrast, the relative luciferase activity
in shorter deletion constructs was not reduced by either LPS or
TNF-� stimulation. Luciferase activity in the �176 � 82-luc

construct was significantly lower than that of longer constructs
in untreated cells (Fig. 2, A and B). These results suggest that the
regulatory element for repression of BAMBI transcription is
located between �3384 and �1560 upstream from the BAMBI
coding region and that the BAMBI promoter region between
�255 and �176 is responsible for constitutive expression of
BAMBI in hHSCs.

NF-�Bp50 Participates in BAMBI mRNA Repression in
Response to LPS and TNF-�—Because both TNF-� and LPS are
strong activators of NF-�B, we hypothesized that NF-�B binds
to a specific element on the BAMBI promoter region that is
associated with the suppression of BAMBI gene transcription.
We assessed the contribution of NF-�B activation to BAMBI
repression by using an adenovirus that expresses an I�B superre-
pressor (I�Bsr), a potent and specific inhibitor of NF-�B activation
(6). In the presence of the NF-�B inhibitor adenovirus (Ad)-I�Bsr,
we observed the BAMBI mRNA levels after LPS and TNF-� treat-
ment to be approximately equivalent to that of the untreated levels
in both LX2 cells and hHSCs (Fig. 3, A–D), suggesting that NF-�B
activation participates in BAMBI gene down-regulation.

To determine which subunit of NF-�B is associated with
BAMBI down-regulation in HSCs, we selectively inhibited p50
and p65 translation using p50- and p65-specific siRNA (Fig. 3, E
and F). We stimulated p50 and p65 knockdown LX2 cells or
control siRNA-transfected LX2 cells with LPS and TNF-� and
measured BAMBI mRNA (Fig. 3, E and F). In LX2 cells trans-
fected with control siRNAs, LPS and TNF-� stimulation
induced a 50 – 60% reduction of BAMBI mRNA expression
compared with untreated LX2 cells (Fig. 3, E and F). The LPS-
treated, p50-silenced LX2 cells showed similar levels of BAMBI
mRNA as untreated cells (Fig. 3E). Of note, BAMBI mRNA was
still reduced by LPS and TNF- � in p65-silenced LX2 cells (Fig. 3F).
These results indicate that NF-�Bp50, but not the p65 subunit, is
required for the suppression of LPS- and TNF-�-induced down-
regulation of BAMBI mRNA expression in LX2 cells.

Given that the NF-�Bp50 subunit participates in BAMBI
mRNA down-regulation in response to LPS and TNF-�, we
investigated whether p50 is directly involved in BAMBI pro-
moter activity using siRNA for p50 and BAMBI �3384/�82-
luc. The relative luciferase activity was decreased in control
siRNA-transfected LX2 cells in response to LPS and TNF-�
(Fig. 3G). However, the relative luciferase activity did not
decrease in LX2 cells transfected with siRNA for p50 in
response to LPS and TNF-� treatment compared with cells
transfected with p50 siRNA without LPS or TNF-� treatment.

It has been reported that the p50 homodimer negatively regu-
lates gene expression (11–13). Our data strongly support the capa-
bility of the NF-�Bp50 homodimer to suppress the BAMBI gene
transcription upon LPS and TNF-� treatment. Sequence analysis
of the human BAMBI promoter (-3384 to �1560) predicted two
regions as p50-binding sites (Fig. 3H). ChIP analysis of the pro-
moter using primers for these two regions showed that NF-�Bp50
binds to the �3166 region (Fig. 3I). In LX2 cells and hHSCs, LPS
and TNF-� stimulation increased p50 binding to the �3166 bind-
ing site (Fig. 3I) compared with untreated cells. However, p50
recruitment was decreased in Ad-I�Bsr-infected cells in response
to LPS and TNF-� stimulation (Fig. 3J), indicating that LPS and
TNF-� induce p50 binding to the BAMBI promoter region.

FIGURE 2. Identification of the element in the promoter region responsi-
ble for repression of BAMBI by LPS and TNF-�. Nucleotide sequence posi-
tions are indicated relative to the transcriptional start site. LX2 cells were
transfected with the indicated hBAMBI reporter constructs. 6 h after transfec-
tion, cells were treated with LPS (100 ng/ml) (A) or TNF-� (10 ng/ml) (B) for
16 h, followed by measurement for luciferase activities. The Renilla luciferase
reporter was cotransfected to normalize transfection efficiency. Un,
untreated. Experiments were performed three times and are shown as
mean � S.D. **, p � 0.01.
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Binding of HDAC1 to the BAMBI Promoter after LPS and
TNF-� Stimulation—It has been reported previously that
NF-�Bp50 associates with the histone deacetylase (HDAC) that

inhibits gene expression (14 –16). Therefore, we examined
whether HDAC1 participates in BAMBI mRNA regulation.
When we knocked down HDAC1 in LX2 cells, the expression of

FIGURE 3. NF-�Bp50 mediates BAMBI repression by LPS and TNF-�. A and B, BAMBI mRNA levels in LX2 cells after 4 h of stimulation with LPS (100 ng/ml) (A)
or TNF-� (10 ng/ml) (B) were determined by qPCR. Before treatment, LX2 cells were transfected with the Ad-GFP or Ad-I�B superrepressor overnight. Un,
untreated. Data represent mean � S.D. *, p � 0.05; **, p � 0.01. C and D, BAMBI mRNA levels in hHSCs after 4 h of LPS (100 ng/ml) (C) or TNF-� (10 ng/ml) (D)
treatment were determined by qPCR. Before treatment, hHSCs were transfected with control Ad-GFP or the Ad-I�B superrepressor overnight. Un, untreated.
Data represent mean � S.D. **, p � 0.01. E, after transfection with siRNA for p50 or a control for 72 h, LX2 cells were stimulated with LPS (100 ng/ml) or TNF-�
(10 ng/ml) for 4 h. The knockdown efficiency of siRNA p50 was evaluated by Western blot analysis for p50. BAMBI mRNA was measured by qPCR. Un, untreated.
Data represent mean � S.D. *, p � 0.05; **, p � 0.01. F, LX2 cells were transfected with siRNA for p65 or a control for 72 h, followed by stimulation with LPS (100
ng/ml) or TNF-� (10 ng/ml) for 4 h. p65 expression was evaluated by Western blot analysis. BAMBI mRNA was measured by qPCR. Un, untreated. Data represent
mean � S.D. *, p � 0.05; **, p � 0.01. G, BAMBI luciferase reporter activity was measured. LX2 cells were cotransfected with �3384/�82-luc and siRNA p50. The
Renilla luciferase reporter was used to normalize transfection efficiency. Data represent mean � S.D. **, p � 0.01. H, two �B binding sites within �3384 to
�1560 of the hBAMBI promoter region were identified using bioinformatics analysis. I, effects of LPS and TNF-� on the recruitment of p50 to the �B binding site
in the hBAMBI promoter were assessed by ChIP analysis. LX2 cells (top panel) and hHSCs (bottom panel) were treated with LPS (100 ng/ml) or TNF-� for 2 h. After
fixation, soluble chromatin was immunoprecipitated using anti-p50 or control Ab (normal mouse IgG). BAMBI promoter fragments containing the �3166
binding site were amplified by PCR. J, effects of Ad-I�Bsr on the recruitments of p50 to the �B binding site in the hBAMBI promoter were assessed. LX2 cells were
treated with control Ad-GFP or Ad-I�Bsr overnight and then treated with LPS (100 ng/ml) or TNF-� for 2 h. A ChIP analysis using anti-p50 or control Ab (normal
mouse IgG) was performed. BAMBI promoter fragments containing the �3166 binding site were amplified by PCR. Un, untreated.
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FIGURE 4. Mechanism of BAMBI repression by HDAC1. A, the knockdown efficiencies of siRNA HDAC1 were estimated by Western blot analysis. LX2 cells were
transected with siRNA HDAC1 or a control for 72 h, followed by treatment with LPS (100 ng/ml) or TNF-� (10 ng/ml) for 4 h. B, LX2 cells were transfected with siRNA
HDAC1 for 72 h. Then, hBAMBI mRNA was measured by qPCR. 18 S was used as an internal control for normalization. Un, untreated. Data represent mean � S.D. *, p �
0.05. C, effects of LPS and TNF-�on the recruitment of HDAC1 to the�B binding site in the hBAMBI promoter were assessed. LX2 (left panel) and hHSCs (right panel) were
treated with LPS (100 ng/ml) or TNF-� (10 ng/ml) for 2 h. A ChIP analysis using anti-HDAC1 or control Ab (normal rabbit polyclonal IgG) was performed. BAMBI promoter
fragments containing the�3166 binding site were amplified by PCR. D, effects of TSA on the recruitment of HDAC1 to the�B binding site in the hBAMBI promoter were
analyzed. LX2 cells were pretreated with TSA (300 nM/ml) for 8 h and then treated with LPS or TNF-� for 2 h. A ChIP analysis using anti-HDAC1 or control Ab (normal
rabbit polyclonal IgG) was employed. BAMBI promoter fragments containing the �3166 binding site were amplified by PCR. E, effects of NF-�B inhibition on the
binding of HDAC1 to the �B binding site in the hBAMBI promoter. LX2 cells were treated with control Ad-GFP or Ad-I�Bsr overnight and then treated with LPS or TNF-�
for 2 h. A ChIP analysis on the BAMBI promoter using anti-HDAC1 or control Ab (normal rabbit polyclonal IgG) was performed. F, ChIP analysis for the assessment of the
effects of TSA on the binding of p50 to the�B binding site in the hBAMBI promoter. G, direct interaction of p50 with HDAC1 after LPS or TNF-� stimulation was assessed.
LX2 cells were treated with control Ad-GFP or Ad-I�Bsr overnight and then treated with LPS and TNF-� for 2 h. After immunoprecipitation (IP) with anti-p50 antibody,
Western blotting (WB) for HDAC1 was performed.
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BAMBI mRNA did not decrease in response to LPS and TNF-�
stimulation (Fig. 4, A and B), suggesting that HDAC1 is associ-
ated with BAMBI down-regulation in response to LPS and
TNF-� stimulation.

To identify whether HDAC1 binding to p50 contributes to
BAMBI gene regulation, we carried out a ChIP analysis using
anti-HDAC1 antibody directed at the �3166 �B-binding site.
We observed that LPS and TNF-� stimulation led to higher
HDAC1 binding to this �B-binding site of the BAMBI promoter
in LX2 cells and hHSCs (Fig. 4C). Treatment with the HDAC1
inhibitor TSA inhibited LPS- or TNF-�-induced HDAC1 bind-
ing to the BAMBI promoter (Fig. 4D). As expected, LPS- or
TNF-�-induced HDAC1 binding to the BAMBI promoter was
also inhibited when NF-�B activation was inhibited in LX2 cells
infected with Ad-I�Bsr (Fig. 4E), indicating that NF-�B activa-
tion is required for binding of HDAC1 to the BAMBI promoter.
Interestingly, TSA treatment prevented LPS- or TNF-�-induced
binding of NF-�Bp50 to the BAMBI promoter (Fig. 4F), suggesting
that the HDAC1 activity is also required for NF-�Bp50 binding to
the BAMBI promoter. Finally, we tested the direct interaction
between HDAC1 and NF-�Bp50 by coimmunoprecipitation. This
confirmed the interaction of HDAC1 with p50 in LX2 cells after
LPS or TNF-� stimulation (Fig. 4G).

The �3166 Site of BAMBI Promoter Is Crucial for Repression
of BAMBI Expression after LPS and TNF-� Stimulation—To
further validate NF-�Bp50 and BAMBI promoter interaction at
the �3166 �B site, we created luciferase constructs of BAMBI
with a mutated �3166 �B site (Fig. 5A). A luciferase reporter
assay revealed that LPS and TNF-�-induced suppression of
BAMBI reporter activity was not observed in cells transfected
with BAMBI reporter constructs with a mutation at the �3166

site, indicating the importance of the �3166 binding �B site for
the down-regulation of gene expression.

Assessment of the Role of BAMBI Down-regulation in Human
LX-2 HSCs—As expected, TGF-� treatment increased phos-
phorylation of Smad2/3 in LX2 cells (Fig. 6A). In the context of

FIGURE 5. Effect of mutation of the �3166 �B-binding site in the BAMBI
promoter. A, the predicted p50 binding sequence (top panel) and designed
mutant sequence (bottom panel). B, hBAMBI p-3384�82-luc, which contains
an NF-�B binding site, was used to assess the functional significance of the
�3166 binding site. The p-3384�82-luc construct was responsive to an LPS
or TNF-� stimulus, whereas the promoter constructs harboring a mutation of
the predicted �3166 �B binding site (p-3384�82-mutant-luc) abrogated the
LPS- or TNF-�-induced suppression of luciferase expression. Un, untreated.
Data represent mean � S.D. **, p � 0.01.

FIGURE 6. LPS enhances TGF-� signaling in hHSCs through down-regula-
tion of BAMBI. A, LX2 cells were pretreated with LPS (100 ng/ml) or TNF-� (10
ng/ml) for 12 h and subsequently treated with TGF-�1 (5 ng/ml) for 30 min. A
Western blot analysis for phospho-Smad2/3 was performed. B, LX2 cells were
infected with Ad-I�Bsr or Ad-GFP overnight, followed by treatment with LPS
or TNF-� for 12 h. Subsequently, cells were treated with TGF-�1 (5 ng/ml) for
24 h. COL1A1 mRNA was measured by qPCR, and 18 S was used as an internal
control. Data represent mean � S.D. *, p � 0.05; **, p � 0.01. n.s., not signifi-
cant. C, LX2 cells were transfected with siRNA BAMBI for 48 h and then treated
with TGF-�1 (5 ng/ml) for an additional 24 h. BAMBI protein expression was
analyzed by immunoblotting (left panel), and COL1A1 mRNA expression was
measured by qPCR (right panel). Data represent mean � S.D. *, p � 0.05.
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down-regulation of BAMBI, LPS and TNF-� treatment further
increased TGF-�-mediated phosphorylation of Smad2/3 in
LX2 cells (Fig. 6A). Also, TGF-�-induced COL1A1 expression
was further enhanced by pretreatment with LPS or TNF-� (Fig.
6B) in control adenovirus-infected LX2 cells. Consistently,
inhibition of NF-�B decreased the enhancement of TGF-�-in-
duced COL1A1 expression by pretreatment with LPS and
TNF-� (Fig. 6B), suggesting that NF-�B-mediated BAMBI
down-regulation is associated with LPS or TNF-�-mediated
enhancement of TGF-�-induced COL1A1 expression. Lastly,
we investigated the biological function of BAMBI in TGF-�
signaling in human LX-2 HSC. TGF-� increased COL1A1
mRNA expression in control siRNA-transfected LX2 cells (Fig.
6C). COL1A1 mRNA was further increased after TGF-� stim-
ulation in cells transfected with siRNA for BAMBI, confirming
that BAMBI is a negative regulator of TGF-� signaling in
human HSCs.

DISCUSSION

Liver fibrosis is a complex pathological entity in which mul-
tiple components, including various proinflammatory cyto-
kines and fibrotic matrix proteins, participate actively (17).
There is overwhelming evidence that activated HSCs are the
major producers of the fibrotic matrix (1–3). TGF-� is the key
cytokine that mediates HSC activation, but the current model
of TGF-�-dependent HSC activation does not account for the
contribution of inflammatory mediators to hepatic fibrogenesis
(6), and extensive studies are aimed to establish a mechanistic
link between inflammation and fibrosis in chronic liver disease
(6, 18). We have shown previously that BAMBI links inflamma-
tion and liver fibrosis via TLR4-dependent modification of
TGF-� signaling in HSC. BAMBI plays an important role in
HSC activation. However, the mechanism of the regulation of
BAMBI gene expression was unknown.

In this study, we determined the molecular mechanism of
BAMBI down-regulation in response to LPS and TNF-� stim-
ulation in human HSCs. We demonstrated that BAMBI is
mainly expressed in HSCs but not Kupffer cells and hepato-
cytes. TLR4 and TNF receptor signaling induce NF-�Bp50
homodimer/HDAC1 binding to the �3166 site in the BAMBI
promoter to down-regulate gene transcription.

BAMBI is a transmembrane glycoprotein structurally related
to the TGF-� type I receptor, but it lacks the intracellular kinase
domain (19). Several investigators have recognized the impor-
tant role of BAMBI in recent years. BAMBI protects the murine
heart from pressure overload biomechanical stress by restrain-
ing TGF-� signaling (20). BAMBI has also been reported as a
negative regulator of adipogenesis and modulator of the anti-
and proadipogenic effects of TGF-� (21). BAMBI blocks the
differentiation of human bone marrow mesenchymal stem cells
to carcinoma-associated fibroblasts via inhibition of TGF-�
signaling (22).

BAMBI is coexpressed with TGF-� receptor family members
during development and in cancer. It has been proposed that
BAMBI may play a role in embryonic development (23) and in
tumor growth and metastasis (24). Elevation of BAMBI expres-
sion may attenuate TGF-�-mediated growth arrest in colorec-
tal and hepatocellular carcinomas (25) and induction of cell

growth and invasion of human gastric cancer (26). Although
BAMBI plays an important physiological and pathological role
in the liver, heart, and cancer, its transcriptional regulation has
not been studied intensively. Previous reports showed that
BAMBI transcription is regulated by TGF-� signaling through
direct binding of SMAD3 and SMAD4 to the BAMBI promoter
in HepG2 cells (10). However, our results showed that BAMBI
is expressed in HSCs but not in hepatocytes. NF-�B is a critical
transcription factor induced by inflammatory mediators,
including TNF-� and LPS (27). We found that inhibition of
NF-�B prevented LPS and TNF-� from inhibiting BAMBI
expression, suggesting that NF-�B participates in BAMBI
down-regulation in human HSCs. In fact, BAMBI mRNA levels,
in response to LPS and TNF-�, were slightly higher in
Ad-I�Bsr-treated cells compared with untreated cells, suggest-
ing that BAMBI might be constitutively transcribed indepen-
dently of NF-�B or be regulated at the posttranscriptional level
(28). The stability of mRNA is regulated by degradation and,
in part, by specific proteins binding to defined adenylate-
uridylate-rich base sequences in the 3� UTR. Our luciferase
activity analysis showed that the relative luciferase activity
decreased after LPS stimulation with transfection of a
pBAMBI-3� UTR reporter plasmid,3 suggesting that other
mechanisms, such as miRNA, also participate in the regula-
tion of BAMBI expression.

Different forms of NF-�B are known to have distinct func-
tions in the inflammatory response (29, 30). The most abundant
form of NF-�B in cells is a heterodimer of the p50 and p65
subunits. Our results showed that BAMBI mRNA still
decreased after knocking down NF-�Bp65, indicating that the
NF-�Bp65/p50 heterodimer is not important for BAMBI
down-regulation in human HSCs in response to LPS and
TNF-� treatment. This was also demonstrated by ChIP analy-
sis. In contrast, when knocking down p50, BAMBI mRNA levels
were protected from LPS or TNF-� stimulation, suggesting that
the p50 homodimer, but not the p65/p50 heterodimer, partic-
ipates in BAMBI repression by LPS or TNF-�. Generally, low
levels of NF-�B, particularly the p50 homodimer, can be
detected in the nuclei of most unstimulated cells. Following
stimulation, the p50/p65 heterodimer containing phosphory-
lated p65 enters the nucleus and displaces the DNA-bound p50
homodimer (14). Intriguingly, our ChIP analysis showed that
LPS and TNF-� increased p50 binding to the BAMBI promoter
region. It is probable that the different �B sites exhibit a pref-
erence for specific subsets of NF-�B complexes (31). For
instance, the regulatory region of the IL-8 gene contains a �B
element that binds p65, c-Rel, and the p52 homodimer but not
the p50 homodimer or p50/p65 heterodimer (32). Similarly,
induction of the ICAM-1 gene occurs in response to inflamma-
tory signals, such as TNF-�, that act through an NF-�B site in
the proximal promoter region. This site binds only the p65
homodimer and p50/p65 heterodimer (33). p65 homodimer
appears to be the transcriptionally active NF-�B complex for
the ICAM-1 promoter, suggesting that p50/p65 may be
excluded from binding (33). The mechanism by which the p50

3 C. Liu, D. A. Brenner, and E. Seki, unpublished observations.
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homodimer inhibits gene expression is unknown, although it is
unlikely that p50 subunits are intrinsically incapable to drive
transcription. One possible mechanism is that nuclear p50 may
interact with inhibitory proteins that recruit corepressor com-
plexes containing HDACs to gene promoters (15).

Our experiments depleting HDAC1 and using TSA strongly
suggest that the activity of HDAC1 maintains the transcrip-
tional repression through a p50-HDAC1 complex because inhi-
bition of HDAC activity by TSA blocks the repression of
BAMBI mRNA expression. This is also supported by our ChIP
analysis demonstrating that inhibition of HDAC1 activity by
TSA treatment blocks HDAC1 binding to the promoter region
induced by LPS and TNF-�. Furthermore, the inhibition of
NF-�B activation or silencing of p50 by siRNA inhibited
HDAC1 binding to p50 and the BAMBI promoter region, indi-
cating that NF-�B activation is required for the formation of the
p50-HDAC1 complex (15). Furthermore, inhibition of HDAC1
activity by TSA treatment decreased p50 binding to the BAMBI
promoter region, suggesting that HDAC1 activity is required
for the formation of the p50-HDAC1 complex and binding of
this complex to the BAMBI promoter region.

In summary, BAMBI is predominantly expressed in HSCs in
the liver. TNF-� or LPS stimulation generates an NF-�Bp50
homodimer that interacts with HDAC1 to repress BAMBI tran-
scription in human HSCs, which, in turn, increases the sensi-
tivity to TGF-� signaling.
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